As a key degrader of fibrillar collagens, matrix metalloproteinase 13 (MMP13), may contribute to the progression of pelvic organ prolapse. Here we aimed to define the regulation of MMP13 by estradiol and progesterone in the vaginal supportive tissues. Fibroblasts cultured from the arcus tendineous fasciae pelvis of three pre-and three postmenopausal women with prolapse were treated with 17-beta-estradiol (E2), progesterone (P4), E2 + P4, or E2 + ICI 182,780 (ICI). Collagenase inhibitor I (CI) and MG-132 were employed to investigate the mechanism of MMP13 degradation into inactive fragments (fragmentation) by hormones. The regulation of MMP13 in vivo was assessed by comparing tissues of ovariectomized (ovx) vs. sham-operated rats. Expression of MMP13 (proenzyme and active and fragment forms) was quantitated by Western immunoblotting, and MMP13 enzymatic activity was measured using a substrate degradation assay. The amount of cellular active MMP13 and MMP13 proteolytic activity decreased in the presence of hormones. The decrease was paralleled by increased proenzyme and fragment forms. MG-132, not CI, suppressed cellular MMP13 fragmentation. Active MMP13 increased in rats following ovx and was suppressed by E2 + P4 supplementation. Active MMP13 is suppressed in vivo and in vitro by estradiol and progesterone, suggesting a protective effect against vaginal supportive tissue deterioration.
INTRODUCTION
Pelvic organ prolapse is a common disease negatively affecting the lives of millions of women. Among women 50-yr old and older, more than 50% have some degree of prolapse, with a steady increase with advancing age [1, 2] . Menopause may contribute to the increased prevalence of symptomatic pelvic organ prolapse in older women [1, 2] ; however, the precise mechanism remains unknown.
In addition to the levator ani muscle complex, the vagina and its supportive tissues comprise one of the primary means of support to the pelvic organs. Functional failure of this support apparatus results in the descent of the pelvic organs into the vagina [3] . The collagen content in these tissues provides the primary source of tensile strength and directly correlates with their biomechanical behavior [4] . We previously reported that the ratio of collagens I/(III þ V), an indicator of tissue tensile strength, was decreased in vaginal supportive tissues of postmenopausal women not on hormone therapy relative to premenopausal women and postmenopausal women with prolapse on hormone therapy. The altered ratio was found to be primarily due to a decrease in collagen I [5] . Such accelerated degradation of collagen is thought to play a key role in the onset and progression of pelvic organ prolapse [6] .
The degradation of collagen is precisely regulated by a family of zinc-dependent endopeptidases, the matrix metalloproteinases (MMPs). Collectively, MMPs are capable of degrading all the components of extracellular matrix and are the enzymes known to degrade fibrillar collagen [7] [8] [9] [10] . The posttranslational processing of MMPs, the predominant mechanism of regulating activity [11] , occurs at multiple levels, including cleavage of proenzyme into active form [11] , binding to endogenous inhibitors [12] , and degradation into inactive fragments (fragmentation) [13] . In a previous study, we demonstrated that one of the mechanisms by which estrogen and progesterone suppress the amount of active MMP1 in fibroblasts derived from the vaginal supportive tissue is accelerated fragmentation [14] . Although this finding provided an intriguing explanation for the apparent decline of vaginal support with menopause, it was unclear whether fragmentation of active MMP was also a site of regulation by estrogen and progesterone for other collagenases. Moreover, the mechanism by which the hormones regulate fragmentation was not determined in the previous study [14] .
In this study, we focus our analysis on MMP13, a key collagenase in the vaginal supportive tissues that not only directly degrades fibrillar collagens but also initiates the degradation cascade by activating other MMPs [15] . In a highly controlled acellular environment, MMP13 spontaneously degrades into two fragments (autocatalysis): a 29-kDa fragment catalytic domain and a 27-kDa fragment C-terminal domain [16] . Whether or not this phenomenon occurs in a cellular environment is not known. In the current study, we aimed to determine the impact of estradiol and progesterone on the complete expression profile of MMP13 (including the proenzyme and active and fragment forms) in cells derived from the vaginal supportive tissues. To take into account the impact of endogenous inhibitors on MMP13 activity, we performed a substrate degradation assay. We explored two possible mech-anisms of MMP13 fragmentation: spontaneous fragmentation into inactive fragments via autocatalysis or cellular-mediated degradation via ubiquitin-proteasomal proteolysis (UPP) [17] . Finally, as an in vivo correlate, we induced surgical menopause in rats via ovariectomy and examined the impact on the amount of MMP13 proenzyme and active and fragment forms.
MATERIALS AND METHODS

Human Subjects and Tissue Procurement
Following the approval by the Institutional Review Board of MageeWomens Hospital and informed consent, biopsies of arcus tendenious fasciae pelvis (ATFP) were obtained from three pre-and three postmenopausal women undergoing surgery for vaginal prolapse. We chose the ATFP because it is an easily identifiable uniform structure in the female pelvis that provides support to the lateral vaginal walls. Premenopausal women had regular menstrual periods over 12 mo prior to surgery and serum FSH ,35 IU/L. Postmenopausal women had no menstruation and no use of exogenous sex steroid hormones for the previous 12 mo, serum FSH .35 IU/L, and estradiol ,40 pg/ml. For inclusion, premenopausal women had to be aged .24 yr and ,55 yr with greater than stage II prolapse and regular periods over the preceding 12 mo. Postmenopausal women were required to be .50 yr with greater than stage II prolapse, absent menses over the preceding 12 mo, and not on hormone therapy for .1 yr. Women were excluded if they had a history of pelvic malignancy or connective tissue disease affecting collagen or elastin remodeling, blood loss during surgery exceeding 500 cc, adhesions or scarring at the biopsy site, surgeon's judgment that a biopsy was contraindicated, history or presence of endometriosis, morbid obesity (body-mas index [BMI] . 35 kg/m 2 ), or inability to provide informed consent. All biopsies were obtained from an intact portion of the arcus tendineous fascia pelvis at the pelvic sidewall, 4 cm toward the pubic symphysis from the most distal point of prolapse. All biopsy sites were repaired with permanent or delayed absorbable suture at a 908 angle to the direction of strain. There were no adverse events associated with procurement of the biopsies. The specimens were immediately passed off to a trained technician, and cells were derived as detailed below.
Subject demographic variables were collected by certified staff, including age, BMI, gravidity and parity, maximal stage of prolapse, and stage of menstrual cycle. A Pelvic Organ Prolapse Quantification Exam as described by the International Continence Society was performed on all subjects to define the stage of prolapse [18] .
Tissue Cultures and Hormonal Treatments
The six cell culture conditions and hormonal treatments have been described in detail in a previous publication [14] . The cells were confirmed to be fibroblasts by immunofluorescent labeling with a specific biomarker of prolyl hydrolase beta (Acris Antibodies GmbH, Hiddenhausen, Germany) [14] ; the possibility of their being myofibroblasts were further excluded by immunoblotting using a specific biomarker of myocytes: smoothelin (Santa Cruz Biotechnology, Santa Cruz, CA; data not shown). Briefly, after achieving 95% confluence, the ATFP fibroblasts were changed to hormone-free media containing 0.2% (w/v) lactalbumin enzymatic hydrosylate (LAH) for 24 h and then exposed to hormones consisting of 17-b-estradiol (E2, 10
Cell layers were harvested 48 h later and stored at À808C until use. Passages 5 to 7 were used for the experiments. Cells cultured in the identical conditions but without hormonal treatment were employed as control (representing a status of hormone deprivation alone). Cellular proteins were extracted by sonicating the cells in extraction buffer (pH 7.5) consisting of 30 mmol/L Tris, 2.0% SDS, 1.0% Triton X-100, 10 mmol/L EDTA, and protease inhibitor cocktail. Total protein concentration of cellular lysates was determined in duplicate using a DC Protein Assay (Bio-Rad Laboratories, Hercules, CA). Twenty micrograms of total cellular proteins were used for immunoblotting.
In a pilot study, cell viability was investigated by Trypan blue exclusion that indicated .90% viability throughout the experiment. Hormones were directly dissolved in media while ICI required dimethyl sulfoxide (DMSO, SigmaAldrich) to completely dissolve. Therefore, DMSO has been tested and has been shown to have no independent effect on MMP13 expression (data not shown).
Inhibitor Treatments
To investigate the possible mechanism of cellular MMP13 fragmentation via autocatalysis vs. UPP, a cell culture was randomly selected from the above mentioned six fibroblastic cultures. Fibroblasts at 95% confluence were incubated with hormone-free media containing 0.2% (w/v) LAH for 24 h and then pretreated with MG-132 (an inhibitor of ubiquitin-proteasomal proteolysis, 5 lmol/L, BostonBiochem, Cambridge, MA) or collagenase inhibitor I (CI, an inhibitor of MMP autocatalysis, 5 lmol/L, EMD Biosciences Inc.) for 1 h followed by the addition of E2 (10 À8 mol/L) þ P4 (10 À10 mol/L). Cell layers were harvested 48 h later and stored at À808C until use. The cellular protein extraction and determination of total protein concentration were the same as outlined above.
Coimmunoprecipitation
The conjugation of MMP13 protein with ubiquitin was examined by incubating 100 lg of total cellular proteins with a rabbit anti-human ubiquitin agarose conjugate (IgG, 25 ll, Santa Cruz Biotechnology Inc., Santa Cruz, CA) at 48C overnight. The agarose beads were repeatedly washed with extraction buffer and then boiled with 13 SDS sample buffer consisting of 1.7% SDS, 1.5% dithiothreitol, 0.7% Tris, and 5% glycerol at 1008C for 5 min. After centrifuging, the supernatant was collected and probed for MMP13 expression on Western blot as described below. Rabbit IgG was used as the negative control.
In Vitro Fragmentation Assay
Five nanograms of purified recombinant human MMP13 protein (rhMMP13, predicted molecular weight of 55 kDa, from R&D Systems, Minneapolis, MN) were dissolved in extraction buffer and incubated with MG-132 (5 lmol/L) or CI (5 lmol/L) for 15 min at 378C. The process was stopped by boiling with 13 SDS sample buffer. Samples were then probed with MMP13 antibody as detailed below.
Animal Experiments
Following approval by the Institutional Animal Care and Use Committee (IACUC #3-003) at Magee-Womens Hospital, 23 virgin rats (Long Evans, Charles River Laboratories Inc., Wilmington, MA) aged 3 mo were anesthetized through the inhalation of isoflurane (2%-4% flow; Abbott Laboratories, North Chicago, IL) and underwent ovariectomy (ovx, N ¼ 9), ovariectomy with subcutaneous implantation of E2 (0.1 mg) þ P4 (10 mg) (Innovative Research of America, Sarasota, FL) (ovx þ E2P4, N ¼ 6), or sham surgery (N ¼ 8) following the surgical protocols previously described [19] . Torbutrol (10% v/v; Fort Dodge Animal Health, Fort Dodge, Iowa) was administered to all rats following surgery to reduce the pain. Animals were pair fed until 8 wk later and then sacrificed. The decision to sacrifice at Week 8 was based on a time course done previously in which we determined 8 wk to be the amount of time required for a significant biomechanical deterioration (15%-20% decrease in the ultimate load at failure and 25%-30% decrease in stiffness) of the pelvic supportive tissue complex in young rats following ovariectomy [19] .
Following sacrifice, the vagina was excised, minced, and sonicated in the extraction buffer (pH 7.5) consisting of 150 mmol/L NaCl, 50 mmol/L Tris, 0.1% Tween-20, 10 mmol/L EDTA, 1 mmol/L phenylmethanesulphonylfluoride, and protease inhibitor cocktail. Total protein concentration of the tissue extracts was determined in duplicate as detailed above. Eighty micrograms of tissue extracts were used for probing MMP13 expression on immunoblot. The procedure was performed as described below.
Western Immunoblotting
The proteins in the human cell or rat vaginal extracts were separated by electrophoresis on a 12% SDS-gel under reducing conditions and then transferred to a polyvinylidene fluoride membrane (Millipore Co, Bedford, MA) in an electrophoretic transfer cell (Bio-Rad). The blots were incubated with the appropriate primary antibody as follows: mouse anti-human MMP13 (clone: VIIIA2, 1:200, recognizing both proenzyme and active forms, EMD Biosciences Inc., San Diego, CA) was for MMP13 expression and mouse antihuman ubiquitin ( 5370C, Hewlett-Packard) interfaced to a Macintosh OS X computer (Apple Computer Inc, Cupertino, CA). A research specialist who was blind to the identification of the samples performed the densitometry measurements. Software of UN-SCAN-IT gel (version 4.3, Silk Scientific Co, Orem, Utah) was used to concurrently quantitate the signal intensity of the scanned bands on the same blot to determine the relative quantity of each. The values were expressed as arbitrary units relative to an internal control loaded in duplicate on each gel. The internal control (same cell type at 0 h, 1.0 unit) is the same for all treatments with each cell type. In this way, we were able to compare bands quantitated on different gels within a cell type. Equal loading was ensured by normalizing to the same gel stained with 0.5% Coomassie brilliant blue. The estimation of molecular weight was made relative to Prestained SDS-PAGE Standards (Bio-Rad). For the coimmunoprecipitates, the secondary antibody was rabbit anti-mouse IgG (whole molecule) alkaline phosphatase-conjugated (IgG, 1:15 000, Sigma-Aldrich). All experiments were performed in triplicate.
Endogenous MMP13 Enzyme Activity Assay
To determine the proteolytic activity of active MMP13, a substrate degradation assay was performed. Cellular protein was extracted by sonicating the cell pellet in lysis buffer (pH 7.5) containing 50 mmol/L Tris, 150 mmol/L NaCl, and protease inhibitor cocktail. After centrifuging, the supernatant of the lysates was collected and total protein concentration was determined as described above.
MMP13 enzyme activity per 100 micrograms of total cellular proteins was measured in duplicate using a Fluorokine E enzyme activity assay kit (human active MMP13, R&D System) following the manufacture's protocol. Briefly, a standard of MMP13 and cell lysates were pipetted into the wells of the microplate precoated with monoclonal antibody that captured both proenzyme and active forms of MMP13. After washing away any unbound substances, the MMP activator, p-aminophenylmercuric acetate (APMA), was added to the standards but not the samples. Following a wash, a fluorogenic substrate (cleavage site by active MMP13 is -Gly-Leu-) linked to a quencher molecule was added. In this way, any bound active enzyme with proteolytic activity would cleave the peptide linker between the fluorophore and the quencher molecule, eliminating the distance-dependent resonance energy transfer between the fluorophore and the quencher molecule, thereby emitting a fluorescent signal that was proportional to the amount of enzyme activity in the sample. The fluorescence intensity indicative of enzyme activity was determined at Ex/Em ¼ 320nm/405nm with a SpectraMax M2 system (Molecular Devices, Sunnyvale, CA). Since APMA was not added to the tested samples, the assay determined solely the enzyme activity of endogenous active MMP13 in these samples. In this way, the sum of MMP13 activity measured reflected the balance of active MMP13 and its inhibitors. Enzyme activity was expressed as nanogram/milliliter (ng/mL).
Statistical Analysis
All statistical analyses in this study were performed by a statistician (L.A.M.) who was blind to the study aims. Analysis of variance was used to evaluate the associations among MMP13 subtype expression, activity, and type and dose of hormonal treatments as well as menopausal status. Post hoc pairwise comparisons were made using the Dunnett multiple comparison procedure. Analysis of variance using the Sidak procedure to adjust for post hoc pair-wise comparisons was used to evaluate differences between the ovx, ovx þ E2P4, and sham-operated rats. All statistical tests were evaluated at the 0.05 significance level.
RESULTS
Biopsies of ATFP obtained from three pre-and three postmenopausal women were used to establish six corresponding primary cultures. As shown in Table 1 , women in the two groups had a similar gravidity, parity, BMI, and stage of prolapse. All women in the premenopausal group were in the luteal phase of the menstrual cycle at the time of biopsy. Menopausal women were significantly older. With an antibody recognizing both the proeznyme and active forms of MMP13, we were able to visualize three major MMP13 products in the cell lysates on Western blots (Figs. 1  and 2 ). In addition to the bands of proenzyme form (60 kDa) and active form (48 kDa), a band corresponding to the fragment form with an estimated size of 27 kDa was identified. As mentioned previously, MMP13 in an acellular environment autocatalyzes into two fragments of 27 and 29 kDa [16] . To confirm that our antibodies recognized the 29-kDa fragment form and that it was truly absent from the cell lysates, we treated recombinant MMP13 in the absence of cell lysate with the same antibodies and demonstrated two fragmentation products of 27 and 29 kDa (Fig. 3) . Thus, the 29-kDa fragment was not present in our cells. It is not clear whether the 27-kDa band from cell lysates corresponds to two fragments of a similar size or whether the 29-kDa fragment undergoes further degradation in these cells.
Active MMP13 and Its Proteolytic Activity Are Suppressed by Hormones
As shown in Table 2 , relative to control (no hormones), the cellular expression of proMMP13 was increased by E2 (up to 51%), P4 (up to 46%), and 10 À8 mol/L E2 þ P4 (up to 52%) above the control. Further analysis revealed that the increase in proMMP13 was not related to the dose of hormone, hormone type, or the menopausal status of the subject from whom the cells were derived. In the presence of an estrogen receptor antagonist (ICI 182, 780) at a 100-fold excess relative to E2 (10 À6 mol/L), the increase in proMMP13 by E2 (10 À8 mol/L) was blocked, indicating the involvement of an estrogen receptor-mediated event.
Concomitant with the increase in proMMP13, the amount of active MMP13 was decreased in the presence of E2 (up to 60%), P4 (up to 61%), and 10 À8 mol/L E2 þ P4 (up to 60%) below the control. The decrease in the active form was not affected by hormone dose, hormone type, or the subject's menopausal status. Similar to what was observed with the proenzyme form, the response to E2 (10 À8 mol/L) was abrogated by ICI 182, 780 when added at doses of 1-100 fold excess (10 À8 to 10 À6 mol/L) over E2. In agreement with the above-mentioned changes in proenzyme and active forms, the expression of the 27-kDa fragment was significantly increased, to a maximum of 147%, by the individual hormones and hormone combinations independent of concentration. ICI 182, 780 completely blocked the increase in the amount of 27-kDa fragment by E2 (10 À8 mol/L) at concentrations ranging from 10 À6 to 10 À7 mol/L, again indicating an estrogen receptor-dependent process.
To determine whether the quantitative changes in the 370 expression of active MMP13 on Western blot correlate with the functional endpoint of altered enzyme activity, we measured the endogenous amount of MMP13 proteolytic activity using a collagen degradation assay. In contrast to the Western blot, this assay does not measure endogenous inhibitor bound active MMP13 that lacks proteolytic activity. As shown in Table 3 , relative to the control, the enzyme activity of MMP13 was inhibited by E2 (up to 67%), P4 (up to 52%), and 10 À8 mol/L E2 þ P4 (up to 52%). The inhibition by hormones occurred independent of hormone type, dose, and menopausal status. Similar to what was seen on the Western blots, the inhibition by E2 was blocked by the estrogen receptor antagonist, ICI 182, 780.
MMP13 Fragmentation in ATFP Cells Occurs via the Ubiquitin-Proteasome Pathway and Not Autocatalysis
To investigate the mechanism of cellular fragmentation of MMP13 by hormones, cells were preincubated with an inhibitor of UPP-MG-132-versus an inhibitor of MMP autocatalysis-CI-prior to the addition of hormones. As shown in the representative Western blot in Figure 2 and the quantitative data in Table 4 , MG-132 inhibited the MMP13 fragmentation induced by E2 þ P4, resulting in an increase in active MMP13 and decrease in proMMP13. In contrast, the amount of proenzyme and active and fragment forms was unchanged in the presence of CI, demonstrating an absence of an inhibitory effect. The Western blots were then reprobed with an antiubiquitin antibody. By doing this, we were able to demonstrate an increase or accumulation of ubiquitinated proteins (increased density of the smeared lane) following treatment with MG-132 but not with CI (Fig. 4) , confirming that the hormone-induced MMP13 fragmentation was UPP-mediated and not autocatalytic.
To determine whether MMP13 protein was truly a target of the UPP pathway, we next sought to show that MMP13 binding to ubiquitin occurred prior to fragmentation. To do this, cellular-ubiquitinated proteins were immunoprecipitated 
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out of cell lysates using an anti-ubiquitin antibody. These ubiquitinated proteins were then separated on gels, and the presence of MMP13 protein in these ubiquitinated proteins was identified by Western immunoblotting. As shown in Figure 5 , the pooled ubiquitinated proteins contained active MMP13 protein (of 56 kDa), indicating the latter had been previously conjugated with ubiquitin, targeting it for proteasomal proteolysis.
We then sought to exclude the possibility that MG-132 may directly inhibit fragmentation independent of the presence of UPP. As alluded to previously, in the absence of a cell lysate under highly controlled conditions, isolated MMP13 protein spontaneously degrades into the 27-and 29-kDa peptides and smaller fragments (via autocatalysis) [16] . We, therefore, argued that if the MG-132 suppressed fragmentation occurred via inhibition of the UPP pathway, then it should be ineffective in the absence of a cell lysate. To this end, purified recombinant human MMP13 protein was directly incubated with MG-132 in the absence of a cell lysate. As a positive control, rhMMP13 was also incubated with CI, which should inhibit autocatalysis of rhMMP13 directly. As demonstrated in Figure 3 , in the absence of a cellular environment, MG-132 failed to block the progression of rhMMP13 autocatalytic fragmentation. Thus, MG-132 indirectly inhibited cellular MMP13 fragmentation via the ubiquitin-proteasomal pathway. On the other hand, CI inhibited the rhMMP13 fragmentation, resulting in accumulation of the various forms of rhMMP13 in the noncellular environment, thereby confirming its role as an inhibitor of MMP autocatalysis.
Active MMP13 Is Increased in Ovariectomized Rats
To this point, our data had been obtained from highly controlled in vitro conditions. We, therefore, were interested in determining whether the amount of active MMP13 actually increased in vivo with a surgically induced menopause and decreased with hormone supplementation. To this end, we ovariectomized (ovx) 15 rats and treated 6 with estrogen and progesterone (ovx þ E2P4) for 8 wk. We then compared the overall expression profile of MMP13 in the ovx and ovx þ E2P4 rats relative to sham-operated controls (N ¼ 8). As shown in Figure 6 , on Western immunoblots of the tissue extracts of rat vaginas, in addition to the bands of proenzyme form and active form, a band of an intermediate form with estimated size of 37 kDa and a 27-kDa fragment were detected. Because the 37-kDa form was not observed on the blots of cell lysates, we did not include this form in the subsequent analysis and focused on the 27-kDa fragment.
Ovariectomy induced vaginal atrophy as displayed by decreases in midvaginal width compared to sham surgery or ovx supplemented with hormones [19] , demonstrating the typical vaginal response to an absence of hormones. As shown in Table 5 , ovx induced an increase in the amount of active MMP13 in parallel with a decrease in the amount of proMMP13 and the 27-kDa fragment relative to sham-operated controls while supplementation with hormones inhibited these changes. In this way, the vivo data confirmed an up-regulation 
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of active MMP13 in the absence of hormones and suppression in their presence consistent with the in vitro data ( Table 2) .
DISCUSSION
Although vaginal childbirth is likely the initial event that predisposes a woman to pelvic organ prolapse, the number of women seeking medical care for prolapse increases substantially after the age of 50, indicating that menopause may play a role [1, 2] . We hypothesize that ovarian hormones of premenopausal vaginally parous women delay the onset and/ or progression of pelvic organ prolapse by providing structural support to the vagina and supportive tissues. On the contrary, with the onset of menopause, tissue integrity deteriorates in the absence of hormonal support. Previously, we have shown that menopausal women have decreased collagen ratios due to a decrease in collagen I relative to collagen III [5] . Here we propose that one mechanism for this decline is due to increased collagenase activity.
To this end, we defined the mechanism of regulation of a key collagenase, MMP13, by estradiol and progesterone in cells derived from the arcus tendenious fasciae pelvis. We assessed the expression of MMP13 along with its enzyme activity in the presence of increasing concentrations of E2, P4, and E2 þ P4. In addition, we correlated our in vitro findings with an in vivo assay in rats. The most important findings of this paper were that the amount of active MMP13 is decreased in the presence of estradiol and progesterone. The decrease was associated with an increase in the amount of the proenzyme and fragment forms with a net effect of decreased MMP13 proteolytic activity. Another relevant finding was that a key mechanism by which this decrease occurs is via an increase in MMP13 fragmentation, mediated through the cell-associated ubiquitin-proteasome pathway.
The decrease in active MMP13 protein and its activity in the presence of hormones supports our hypothesis that estrogen and progesterone are protective against tissue deterioration in the vaginal supportive tissues. A similar inhibition of active MMP1 has been identified [14] . To date, most studies on the vaginal supportive tissues have focused on mRNA synthesis; however, MMP mRNA is not necessarily correlated with protein expression level [11] and the discrepancy between mRNA level and protein level is more likely a rule rather than an exception [20] . In our current study and previous study [14] , we demonstrated that even at the protein level, different MMP forms (proenzyme and active and fragment forms) were not necessarily correlated with each other either. It is thus very important to measure the amount of active MMP and/or endogenous MMP enzyme activity because the latter takes into account the effect of the inhibitors of MMP.
Similar to what we demonstrated for MMP1, here we found that in the presence of estradiol and progesterone, the fragmentation of MMP13 in ATFP cells was accelerated. In addition, the inhibition of MMP13 fragmentation by MG-132 was paralleled by an increase in the expression of active MMP13. The data suggest that the MMP13 fragmentation is a key site of regulation of the amount of active MMP13, which is in agreement with our previous finding that cellular MMP1 fragmentation is a key site regulated by estradiol and progesterone [14] .
The increase in proMMP13 with estrogen and progesterone may reflect either an increase in synthesis, decrease in activation, or both. In RUCA-I endometrial tumor cells [21] , rabbit synoviocyte cells HIG-82 [22] , rat uterus [21] , and skin [23] , estrogen has been shown to up-regulate MMP13 mRNA by enhancing the MMP13 promoter activity by interacting with the activator protein-1 site [22] . However, our finding that the increase in proMMP13 was paralleled by a decrease in active MMP13 is more likely suggestive of an accumulation of the proenzyme form due to decreased activation. One of the mechanisms by which hormones inhibit proMMp13 activation is via the suppression of its activators such as MMP2, 3, and 14 [24, 25] . Further studies are needed to determine whether an inhibition of activation of proMMP13 is playing a key role in decreasing the amount of active MMP13.
In this study, we determined that the process of induction of proMMP13, suppression of active MMP13, and acceleration in MMP13 fragmentation by estradiol could be mitigated by a pure estrogen receptor antagonist: ICI 182, 780. These cells have been previously shown to express both estrogen and progesterone receptors [26] . Therefore, it is reasonable to speculate that the regulation of MMP13 by estradiol occurs in part via an estrogen receptor-dependent pathway.
We performed an animal experiment as a correlate to the in vitro cell study and found that active MMP13 increased in the absence of hormones (ovariectomized rats). Previously, we performed a biomechanical study of the vagina and supportive tissues and demonstrated inferior biomechanical properties of this tissue complex in ovx animals relative to sham-operated controls. We also found that supplementation with hormones restored the biomechanical properties of this tissue complex in ovx rats [19] . Our data, here, support a biochemical basis for the altered biomechanical properties [19] . Thus, the in vivo data not only substantiates the in vitro hormonal regulation of MMP13, but also further confirms that hormones are important in maintaining the biomechanical integrity of the pelvic supportive tissues.
Ubiquitin-proteasomal proteolysis is a principle mechanism for cytosolic protein degradation in eukaryotic cells. Accordingly, the targeted proteins are first covalently attached by chains of ubiquitin molecules and then catalyzed by the 26S proteasome complex that digests the proteins to small fragments [27] . Recently, it has been shown that UPP is likely involved in tissue remodeling through the regulation of collagen, MMP, and tissue inhibitors of metalloproteinases [17, 28, 29] . In this study, we demonstrated that the proteasome inhibitor, MG-132, blocked the cell-associated MMP13 fragmentation, resulting in increased active MMP13 along with an accumulation of ubiquitinated proteins. The fact that MG-132 could not directly inhibit the fragmentation of purified rhMMP13 in an absence of a cellular environment is further indicative of the involvement of UPP in this process. Moreover, we identified MMP13 protein in the cellular extract ubiquitinated precipitate, thereby demonstrating that MMP13 protein is indeed conjugated with ubiquitin for proteasomemediated degradation. However, for the analysis of MMP13, we used whole cell extract. Therefore, it is not clear as to whether the MMP13 observed in this study is intracellular, cellassociated, or both. A more detailed investigation into the site and mechanism of association of UPP with MMP is warranted in future studies.
There are limitations to this study. The major shortcoming is that our results are based on fibroblasts originated from vaginal supportive connective tissue of patients with prolapse. Therefore, it may not be appropriate to generalize the conclusions from this paper to all women, especially women without prolapse. Due to ethical issues (i.e., disruption of a key vaginal support structure), ATFP biopsies were not procured from a control group of women without prolapse. It is noteworthy, however, that all ATFP biopsies from women with prolapse were obtained from a site where the ATFP was intact. This was possible because in most women, the ATFP fails at the ischial spine first before progressing toward the pubic symphysis. In this way, there is almost always a portion toward the pubic symphysis that is intact. It is that intact portion of the ATFP that we chose to biopsy in this study. A second limitation of the study is that although we have verified the in vitro pattern of hormonal regulation on cellular MMP13 with an in vivo rat model, further studies on human tissues are currently in progress. Finally, in the present study, we did not investigate the pathway via which progesterone exerts its effect on MMP13 by the use of a progesterone receptor inhibitor. We were surprised by the impact of progesterone on MMP expression and have studies currently in progress investigating the role of progesterone and its interaction with the estrogen receptor. In spite of the limitations, mechanistic studies such as this one are imperative for improving our currently limited understanding of connective tissue remodeling in the female vaginal supportive connective tissues. Indeed, such information is crucial if we are to develop targeted therapies aimed at mitigating the deterioration in pelvic organ support following menopause. Clearly, understanding the mechanisms of regulation of the enzymes that degrade the structural proteins in the pelvic floor is an important first step in this process.
In summary, estradiol and progesterone decrease the amount of active MMP13 by inhibiting the conversion of proMMP13 into active form and accelerating the active MMP13 fragmentation. In addition, ubiquitin-proteasomal proteolysis is critically involved in the fragmentation of MMP13.
